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CHAPTER ·I 
INTRODUCTION AND LITERATURE REVIEW 
Quantitative description of growth of -natural or hete,rogeneous· 
microbial populations is. important in order to obtain technological con-
trol of the aqueous environment, e.g., water pollution _control..-. rbe 
maintenance of high quality of the aqueous enviroriment is facilit~ted by-
the treatment and disposal of municipal and industria1 wastewaters. The_ 
research investigation herein presented is concerned with the growth of· 
heterogeneous microbial populations (e.g., activated sludge) which con-
vert the organic pollutants in waste streams to new cells, carbon diox-
ide and water. The total oxidation or extended aeration type of .. acti-
vated sludge system is a purification process which, utilizes. the _assi-
milative and oxidative capabilites of biological cells~ Endogenous 
respiration _or aerobic auto-oxidation of the excess bio-mass provides· 
the ultimate sludge disposal process in this system. 
Kinetics:and mechanisms of biological purification of waters con-
taining organic matter has been an important res~arc~. area in t~e water 
pollution control field for many YE;!ars. Most, kine.tic .models require, the 
establishment of a. relations.hip between growth ra-te and substrate con~ 
centrati-on. The 11Monodll equation (1) has been found to express ade-
quately this relationship for heterogeneous (i.e., natural) .populations. 
The kinetic behavior of growing microbial systems can be mathematically 
.. 
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described by the maximum speci_fic growth rate, µmax, and sa:turation 
constant, Ks, for ;the system. The development of kinetic modeJs fqr; 
heterogeneous microt>ial populations during the substrate removal .and 
growth phase is highly dependent on determination of these. kine.tic . 
"constants~ and an adequate quantita~ive estimate of the cell or sludge 
yield. It is al.so essential .to ·have some ·way to make an overall check. 
. - . . , 
on the validity of the expected data. The aerobic material or energy· 
balance. offers a way to determine if the substrate disappearing from. 
the system can be recovered or accounted for as synthetic products, i.e., 
increased bio-mass (sludge) and as inorganic carbon or equivalent o2 
uptake. 
Recently. Gaudy and Gaudy have complet.ed a .research .Project on bio-
logical. concepts .for desi-gn and operation of th.e act.iva~ed sludge proc-.~ 
ess. Their report brings together various aspects of biol ogi.cal concepts 
which. have emerged and been clarified over the past decade of research 
in their bioengineering .and microbiological laboratories (2). 
Figure 1 is r~produced from the above. mentioned report (2). _ This 
figure represents occurrences in both the _purificat,ion _and endogenous·. 
phases. The major occurrences are those which describ, the fate of -the 
organic;matter in.the waste, the growth of the biological. solids, and 
the course. of oxygen uptake {i.e., exertion .of bi ochemi ca 1. oxygen 
demand). 
The purifi~ation phase {or -phase of removal of exogenous substrat~) 
of .biologica.l gr~wth ,is that phase in which there is an accumulati.on of 
biological solids resulting from the_micrpbial metabolism of·substrate 
to cellular compounds -and end products. This phase corresponds. to a 
rapid growth of bacterial eel.ls which .causes the assimilation of the 
Figure 1. Generalized Plot of Substrate Concentration, Bio-· 
logical. Solids Concentration, and Oxygen 
Utilization During Exertion of Biochemical 
Oxygen Demand. 
Circles mark inflection points (from reference 2). 
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exogenous carbon sources. The available carbon source provides the 
oxidizable substrate for energy required for microbial metabolic activi-
ty and provides the "building blocks 11 for the synthesis of new cells,· 
Following th.e purification phase, it .has been shown with reasonable 
certainty by Gaudy, Bhatla, .and Abu-Niaag (3) that there is a 11 plateau 11 
or discontinuity which .occurs in oxygen uptake. {see Figure 1 ). In their 
investigations, seed and substrate were varied in concentration and 
type. Known multicomponent carbon sources were, also used as substrate. 
In all, thirty-seven systems were examined for the .occurrence of the 
plateau, and it was found to exist with varying severity and duration, 
in all of the systems except two, In these two, it was felt that the .. 
diphasic nature of the oxygen uptake for th~ seed served to mas~ the 
plateau in net oxygen uptake. Bhatla and Gaudy (4) have proposed four 
theories to explain the occurrence of this plateau. The proposed 
theories are as follows: 
1 •. After reaching the maximum population, some of the cells. 
in heterog.eneous populations·begin to. die off and release 
intracellular ~omponents which may become food for other 
organisms .. Since the latter organisms were not the predom-. 
inating ones, time is required before they are present in 
sufficient numbers so that their metabolism of the released 
components is e~pressed in measurable oxygen uptake, hence, 
the appearance of a plateau or pause between the first.and 
second stages of oxygen utilization. Alternatively, the 
ce1ls themselves may become a substrate for predators (such 
as protozoa). 
2. After Teaching a maximum population some of ·the predom-
inating organisms die an.d rel ease intracellular ·components. 
There may be no change in the predominating species~ but an 
acclimation period may be required before the livtng or 
intact cells can metabolize the released components. 
3. After reaching maximum population the cells may not die 
off, .but may lose their ab.ility to .replicate. An acclima- . 
tion .period may be required before the cells can metabolize 
certain cellular components which ,were synthesized in the 
replication process (e.g., .excess protein or nucleic acid); 
that is, an ace 1 i ma~ ion .Period may be required before 
certain cellular components can be metabolized endogen-
ously. · ·· 
4; During the rapid metabolism whi~h takes place in the 
fir.st stage, the cells may release intermediates ,into the 
medium. An acclimation period may ~hen be require9 before _ 
these new exogenous compounds·can be metabolized. Also, 
an inducti.on peri-od may be needed to produce catalys~S to 
transport these compourids back i ntq the ce 11 • 
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It is impossible to eliminate; unequivoc;ally, any of these 
theories. However, theory 2 :and theory 4 may be disregarded for the_ 
present studies based on the conclusions reached by Bhatla and Gaudy 
(4) in th,eir work with heterogeneous populations using glucose as the 
growth medium. They found that the~e was a ·release of solubl_e organic 
material into the medium at various times, puring the second stp.ge,. but_ 
there. was.no indica~ion in any of their experiments of such a release 
at a time which could affect the occurrenc~ of a plateau as post_ulated 
in theory 2. Washed cell suspensions used for endogenous blanks were 
also observed to yield a plateau. Theory 4 may be discounted on the_ 
basis of an experiment showing the occurrence of a platea4 at a time 
when there was no exogenous substrate present in the _medium.-
In a lat.er study,. Bhatla at1d Gaudy (5) determined that theory 3 
could al so _be eliminated as a generally occurri-ng cause for the plateau. 
The addition of chloramphenicol, which completely stopped bacterial 
replication and protein synthesis, before the beginning of the plateau 
did not inhibit oxygen_uptake during .the second stage or .endogenous· 
phase._- This provides direct evidence that bacterial synthesis and rep-
1 ication is not the control 1 ing factor in ·the. second stage of oxygen 
upta~e. However, the results of the study provided definite experimen-. 
tal proof of the validity of -theory 1. Investigation with pasteurized 
seed (i.e., protozoa free) showed that the second stage of-oxyge_n uptake. 
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is almost entirely the result of the metabolic activity of protozoa, 
proving that the plateau in the oxygen uptake curve for a heterogeneous· 
population represents the transition from a system demi nated by bacteri.a 
to one dominated by protozoa.. The length of the plateau is dependent on 
the time lag between the peaks in bacterial and protozoan populations. 
Exertion of biochemical oxygen demand (oxygen uptake) continues 
after the purificat.ion phase is ended and the system is in. the endog-
enous or autodigestive ·phase; . The continuation of oxygen uptake is a~ 
a much slower rate during the endogenous phase than during the purifi-
cation phase, due to the steady decline in biological activity. When 
the system passes into the endogenous phase, the original exogenous. 
organic matter or carbon source is no longer available sine~ it has 
already been utilized by the microorganisms .in the system .. Substrate 
for continued microbial activHy may be present due to the lysing of 
some biological cells,or may.be the cells thems.~]ves.as they are util-
ized by predator organisms (protozoa). Since the microorganisms must 
now utilize thei.r own mass as a substrate source, the biological solids 
in the system decrease. The reduction of the biole>gical sol.ids .all the 
way down. to their initial concentration is termed ."tota.l oxtdation, 11 
and has be.en a su!bject of controversy in the field for some time. 
Regarding .the concept of II total oxtda.ti on,". Forney and Kountz. ( 6) 
performed a study using skim mi.l k waste in a continuous flow system and 
concluded that a long-term biological solids equilibrium was possible 
and that the concept of 11 total bio-oxidation 11 is thus feasible. In 
their later studies on total oxida~ion, Symons and McKinney (7) con-
cluded that total slu,dge recycle was not possible on a long-term basis, 
and that sludge wastage is essential for the successful operation of an 
activated sludge system. Using a daily .batch-fed system grown on a 
sodium acetate substrate and operated for a period of thirty-ftve days 
with l 00 percent sludge recycle, they found that the volatile biologi-
cal sol.ids increased throughout the test period Jor each experiment. 
They concluded that the accumulated material which was. observed to be 
mostly extracellular polysaccharide was resistant to biological degre-
dation. On this basis they felt they had refuted .the concept of total 
oxidation. 
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After Symons and McKinney {7) published their paper, Kountz and 
Forney {8) re-evaluated their stand on the total oxtdation concept. 
From the results of their studies on met9,polic energy balances in a 
multi-unit total oxi.dation system operated for six mo.nths, they con-
cluded that a residual mat~rial. (polysaccharide material) remained, 
equivalent to 20 to 25 percent of the new sludge produced. They also 
concluded that there is an endogenous loss of 2 percent/day and an. 
accumulation of 0. 6 percent/day of non-oxidiz,abl e sludge in the system. 
From these conclusions, Kountz and Forney (8) rejected the concept of-
total oxidation on the basis that it is not possible within a reason-
able time and with a reasonable size treatment system. 
In later research .on- the accumul a ti.on of volatile biological 
solids in batch-fed and continuous flow systems with various carbon 
sources, Washington and Symons (9) concluded that there was a sludge 
buildup of 10 to 15 percent of the ultimate BOD of the carbohydrate or 
fatty acid substrate removed. After studying that fraction of the bio-
logical solids which is biologically _inert and resistant to degradation 
during the endogenous phase, they concluded that these solids are 
mainly polysaccharides (47 to 56 percent), with protein (39 to 47 
9 
percent) and fat,s·(3 to 8 percent) compri,sing the remainder. 
Gaudy, ~Ramanathan, Yang, and DeGeare {l 0) opera-ted a ber1ch-,sca le 
pilot plant .of the extended. aeration activat~d slu9ge system for. nearly 
t~o years, and concluded that ,such a system can be operated _with . 
reasonably good biochemical, efficiency withm~t continual sol ids accumu-. 
lation and without sludge wasting. Also,. there was no buildup of car-
bohydrate or protein in the sludge co!'lpositio.n. During the entire 
experiment, all of the biological solid~ were retained. in t~e system. 
The only solids removed were. thos.e -taken out for sampling and a small 
amount for auxiliary, experiments (no more than 0.2 percent). They 
found that there is a .fl uc~uation in thE!· concentration of biol og_ical. 
solids due to natural biological. internal regulation, which. caused the -
accumulation of biological solids .to be periodically ,reduced •. · Since 
there were· no solids wasted, either·purpose]y or inadvertently, this 
reduction of the biological· solids that had accumulated must be due to 
their now being utilized as a carbon source by other members of th~ 
populati.on. Investigation of the substrate-consuming .capability of 
the biological solids and their 02 uptake capacity showed that pS the. 
biological sol ids. accumul~tes, the endogenous o2 uptake of the slµdge 
drops significantly .. However, any possible loss· in the unit 1 :5 _puri-
fi.cation efficiency can amply be made up by the large number. of organ-
; sms present to feed on the waste. It was ·observed at times. that_ the. 
eel 1 concentration became so great that it caused settling problems in . 
the cl_arification chamber, and an excessive ·concentration of biological 
sol id,s in the overflow. Gaudy• Yang, and. Obayashi (11) proposed a 
solution to .this problem, and calleq it the 11 hydrolytic asstst. 11 Their 
solution is to hydrolyz~ chemical.ly pa.rt of the return sludge 11nd return 
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it to the aeration chamber along with ~he regular stream of influent 
substrate. A pilot plant, in which the hydrolytic assist process was 
utilized, was operated for one year and it was found that this process 
is operationally feasible and provides a means to control the concen-
tration of sludge in the total oxidation process (12). 
In his work with activated sludge heterogeneous populations during 
prolonged endogenous aeration conditions~ Goldstein (13) observed the 
11 total oxidation 11 of solids accumulated during the substrate removal 
phase in many of his batch-activated sludge-extended aeration systems. 
Further investigation revealed that there was no buildup in carbohydrate 
content of the sludge during endogenous metabolism, thus providing addi-
tional strong evidence that carbohydrate material is not biologically 
inert. The theoretical. feasibility of tot.al oxidation or the extended 
aeration process is usually contested on the basis that there is an 
inactive or biologically inert fraction of the bio-mass which cannot be 
metabolized and therefore builds up in the system, making sludge wastage 
necessary. Recent investigations by Obayashi and Gaudy (14) were con-
ducted for the express purpose of determining whether extracellular het-
eropolysaccharides of microorganisms can serve as the carbon source for 
the growth of other microorganisms. Short-term batch experiments were 
conducted, using micro.bial polysaccharide obtained from a variety of 
microorganisms. The results -Obtained provide direct evidence that extra-
cellular polysaccharide cannot be classified as biologically inert mater-
ial. Consequentlyl their conclusion is that buiJdup of extracellular 
polysaccharide cannot be validly cited as evidence against the theory of. 
the total oxidation or extended aeration process. 
Again, attention is directed to Figure 1, which represents the 
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whole spectrum of occurrences ·during _the exertion of biochemical oxygen 
demand. 
The organic matter or exogenous substrat~ in a ~aste is partition-
ed between respiration and synthesis as it is utiliz,ed by microorgan-
isms. That portion synthesized shows .up as biological solids,. and _that .. 
which, is re.spired shows up as oxygen uptake. The partition of the sub-
strate is often estim~ted by measuring oxygen utilization ,and removal of. 
chemi-cal oxygen dem~nd. The amount of COD which ,is not accounted for as 
oxygen uptake is assumed to be utilized in sludge synthesis. This par-
titioning can be check_ed by means of a materials or energy balance. In 
an article by Gaudy, Bhatla, _and Gaudy (15) four ways to c~lcul,ate such 
balances are· presented. Each requires independent measurements of sub-
strate removal, oxidation of substrate, and conve_rsion -of ~ubst_rate to 
c~llular material .. The primary difference between each of the four 
methods is the means used to measure the three-parameters~ or CQnvert 
them to common units. 
1. Materials Balance, Weight Calculation. 
With synthetic wastes containing single known carbon sources, both 
COD and oxygen uptake measurem~nts can be converted to equivalent 
weights of substrate,(hexose in the example below}. A direct conver-
sion pf substrate mass to cell mass: is assumed, and the substrate util-
iz.ed for eel 1 synthesis is therefore measured ·as _increase in dry, weight 
of cells. 
(02 uptake) (0.94) + b. eel ls . 
Recovery=. b. COD (a. 94 ) 
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2. Materials Balance. Carbon Calculation 
Assuming that the carbon content of .the biological mass remains 
constant throughout the substrate removal period, a materials balance 
may be based on an average content of. ceJ 1 mass. The average figure 
employed was 51 percent. The increase in biological solids can be con-
verted to an equivalent amount of substrate carbon, and a materlals. 
balance can be comp1,.1ted by comparing the amount of substrate c~rbon 
removed during any time period with the amount of substrate carbon uti-
1 i zed for synthesis p 1 us the amount ox.id i zed. It is assumed that the 
amount of carbon dioxide can be calculated from the oxygen uptake. 
This method is applicable only to studies using known carbon sources. 
(02 uptake) (l.375) (0.273) +~cells (0.51) 
Recovery = ~ COD (0. 94) (0.4) 
3~ Energy Balance, Based on Empirical Forrrlula for Composition of Acti-
vated Sludge 
Based on the sludge formula c5H7No2, the COD value of the cells .is 
calculated as 1~414 times the cell weight. The balance can be calcu-
lated ,by comparing the reduction in COD of the waste at any time with 
the sum of the measured oxygen uptake and the COD of the cells. 
o2 uptake+~ cells (1.414) 
Recovery= ~ COD 
4. Energy Balance. Based on Measurement of Cell .COD 
The COD removed in any time period is compared with the summation. 
of oxygen uptake and the COD of the cells produced during this ti.me 
period, thus providing an. energy balance. 
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o2 uptake+~ COD cells 
Recovery = · ~ COD 
Based on their investigation .of method 4 and its comparison, with 
the other three methods, Gaudy, et al. concluded that method 4 has a 
much sounder. technicaJ basis than any of the other methods •. Therefore, · 
they recommend its use in waste treatment research. 
From the foregoing discussion, it can be seen that if total oxida-
tion does or can occur and if the balance idea is valid, then one should 
be able to account for all of the COD which has been removed as oxygen 
uptake. The accumulated amount of oxygen uptake should approximate the 
amount of biological organic matter available to the microorganisms, 
i.e., the theoretical oxygen demand would be approximately equal to the 
theoretical COD. Goldstein an.d Gaudy began special problems research, 
to determine if balances could validly be made all th~ way along the 
oxygen uptake curve in cases where. totcil oxi.dation was observed, or 
where the material was nearly totally oxidized, in any event. The 
present work has been conducted to verify and extend the previous stud-
ies. 
CHAPTER II 
MATERIALS AND METHODS 
A. Experimental Protocol 
From an ini~ial sewage seed obtained from the primary clarifier 
effluent of the municipal treatment plant at Stillwater, Oklahoma, 
natural microbial cell populations were grown on glucose as the sole 
carbon source. The synthetic waste (growth medium) consist~d of the 
following .nutrients and inorganic salts (per liter): glucose, 500 mg; 
l.OM potassium phosphate buffer {pH 7.0), 10 ml;.(NH4)2so4, 500 mg; 
MgS04·7H20, 100 mg; FeC1 3 ·6H20, 0.5 mg; MnS04·H20, 10 mg; CuC1 2, 7.5 
mg; tap water (for trace elements), 100 ml; distilled water to volume. 
The cells were acclimated to the growth medium .as follows: Five · 
ml of sewage seed were added. to 45 ml of. growth medium~ and this mixed 
liquor was aerated. Aeration was provided by a shaker apparatus oper-
ating at 100 oscillations/minute. Daily,. 5 ml of the mixed liquor was 
transferred to a new flask containing 45 ml of fresh growth medium. 
The cells were acclimated to the substrate for three days prior to 
using .them. for an experiment. Al 1 acclimation procedures were con-. 
ducted at room temperature (21 ~ 2°c), and for each experiment performed 
a different initial sewage seed was used. 
Each of the experiments was carried out in the same manner, the 
procedure of which is ~s follows.: After acclimation, the cells we.re 
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inoculated into Warburg na~ks containing fresh growth.!Tledium. The 
same amount of inoculum (5;ml) an.d growth !Tledium (35 ml)_was contained 
in each flask ... -the. assumption then being that conditions in ea.ch of the. 
flasks were identical and the experimE1nt as a ·whole could be treated as 
a single batch experiment. The pH in all systems was 7 .o ! 0.15. The . 
flasks were then connected to the Warburg respirometer and allowed to 
equilibrate for 15 mi.nutes before closi.ng the manometers and initiating 
the experiment •. At various time intervals, indi.vidual flasks- were 
removed from the Warburg respirometer and their contents analyzed for 
the biological solids concentration, the chemical oxygen demand of the 
mixed liquor and the filtrate, and for ammonia .. nitrogen and nitrate-
nitrogen. Of the 40 ml ~f mixed liquor in each flask, 10 ml. of the 
mixed liquor was used for the COD determination, and 30 ml was used for. 
the determination .of biological solids. Twenty ml of the filtrate from .. 
the biological solids determina~ion was required for ·a COD analysi.s, 
and the r~mainder was analyzed for ammonia-nitrogen and nitra.te- .. 
nitrogen. Eac~ experiment was continue~ until the oxygen uptake wa.s · 
increasing .at only a very slow rate, indicating that the biological 
activity was very slight (approximately 2.5 to three weeks for each 
experiment) .. 
During initial. growth stages of each experi-ment, optical density . 
determinations ·of an identical mixed 1 iquor ·were emp.loy~d to give .an 
indtcation .of·the course of biological growth in th,e system. Thi~ 
mixed 1 iquor was mainta,ined on a shaker apparatus, and its optical 
density 9etermined every h~lf-h,our. Percent tran~mitt~nce was !Jleasured. 
and co,nverted to optical density .using a chart which .had been prepared 
in accordance with the equation OD = .1 og10 T. . A 11 m~asurements were 
made at a wave length of 540 mm using a disti.lled water blank .. · A 
Bausch and Lomb 120 spectrophotometer was·used. 
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The values for optical den,sity were plotted on sem.i-logarithmic 
paper (base 10) versus time. The resulting growth curve gave an indi-
cation of conditions in the system connected to the Warburg respire-, 
meter. This comparison was continued until the growth curve showed 
that the peak of the biological1 solids concentration (measured as. 
optical density) had been passed. This growth curve was utilize.d as a 
guide in selecting sampling times during the substrate removal phase. 
B. Analyses 
l. Biological Sol ids 
Biological solids concentrations were determined by the membrane 
filt~r technique as outlined in Standard Methods (16). For the first 
experiment, tare dishes weighing approximately 1.2 gm were used to hold 
the O. 45 micron Milli pore membrane filters. In subsequent experiments~ 
aluminum dishes weighing approximately 0.2 gm were used. 
2. Substrate Removal 
The chemical oxygen demand procedure was followed as outlin~d in 
Standard Methods (l6) .. Mercuric sulfa.te (Hgso4) was added to prohibit 
any excess chlorides from interfering with the dichromate reaction. 
3. Oxygen Uptake - Warburg Respirometer 
Flasks were prepared by placing one millilit~r of 20 perctnt KOH 
in the center wel 1 to absorb co2• Forty .ml of mixed 1 iquor. was added 
to the sample flasks, and 40 ml of distilled water was used. in th,e two 
blank (barometer) flasks. The flasks. were then sealed to their 
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individual manometers and placed in the constant temperature water bath 
at 25 ! 0.5°c, and operated at 90 oscillations/min. After equilibrium 
(15 minutes), the manometers were set and closed,; readings_ were. taken 
at various time intervals~ After correcting each reading for the bar-
ometer flask deflections, the accumulated oxygen uptake was calculated 
using previously determined flask constants. 
4. Nitrate-Nitrogen. 
i 
Nitra.te-nitrogen was determined by the Brucine method as outlined. 
in Standard Methods (16). The standard used was anhydrous potassium 
nitrate. 
5. Ammonia-Nitrogen 
Ammonia-nitrogen was determined by a method developed by Niss, 
(1957) and described by Ecker and Lockhard (17). Two reagents were 
employed. Reagent A contained: 4.7 gm sodium .citrate, 1.7 gm citric 
ac.id, .9.6 gm phenol, and distilled water to 480 ml. Reagent B con-
tained: 6.0 gm boric acid (H3Bo3), 8.0 gm sodium hydroxide, 30.0 ml of 
commercial Chloro.x bleach, and disti.lled wate.r to 200 ml. The cell-
free samples were diluted if needed to give between two and 20 mg/1 of 
ammonia-nitrogen per ml. To 1.0 ml samples were added 5.0 ml of reagent 
A and 2.0 ml of reagent B. The samples were mixed, heated in a boiling 
water bath for five minutes~ and cooled rapidly in ice water. The 
optical density for.the sample was then determined at a wavelength of 
615 mm against a distilled water-reagent blank using a Bausch and Lomb 
120 spectrophotometer. The optical density readings were compared to 
a standard curve plotted using known concentrations. of (NH4 )2so4• This 
standard curve was prepared immediately prior to the am~onj~-nitrogen 
determi nat.i ans. 
CHAPTER III 
RESULTS 
A. General Comments 
Two long-term batch experiments were conducted. For experiment 
one, the results are plotted in Figure 2, and o2 uptake curves for all 
Warburg flasks used for measurement of o2 uptake during this experi-ment 
are plotted in Figure 3. The results are summarized in Table I, and 
materials and energy balances are given in Table II. For experiment 
two, the results are plotted in Figure 4, and the individual o2 uptake 
curves are shown in Figure 5. Primary results for this experiment are 
summarized in Table III, and materials and energy balances are given in 
Table IV. 
In presenting these results~ two aspects are emphasized, the 
recovery of substrate, i.e., the materials and energy balances, and the 
degree of total oxidation during the period of the experiments. 
B. Substrate Recovery 
The general course of oxygen uptake, mixed liquor COD, total fil-
trate COD, and biological solids was similar .for both experiments one 
and two (see Figures 2 and 4). The oxygen uptake curve. in these two 
figures is an average curve in which. each plotted point is the result of 
averaging the oxygen uptake values for each manometer being read at .that 
10 
F,igure 2. Changes in Biochemical Parameters During the 
Course of BOD Exertion in Experiment 1. 
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Figure 3. Accumulated Oxygen Wptake During Experiment 1~ 
Each curve was obtained from individually-
treated Warburg flasks. 
Triangles represent o2 uptake calculated as 
the amount of -mixed l 1 quor COD removed using . 
the values shown in Figure 2. 
Note.the expanded scale for the first 20 hours. 
The dotted portion of th~ curves shows 02 · 
uptake plotted entirely on. the smaller scale. 
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("1/"DW) 3>tYJ.dO N39AXO 
COD COD COD 
Time Mix. Liq. Filtrate Cells 
(hrs) mg/1 mg/1 mg/1 
0 552 536 16 
3.25 552 504 48 
6.75 576 472 104 
9.50 496 360 136 
12.00 424 219 · 205 
14.00 400 136 264 
22.50 
- - -
50.50 248 80 168 
75.75 312 72 240 
141.25 . 232 88 144 
239.25 120 92 28 
329.00 160 100 60 · 
357.00 145 88 57 
TABLE I 
SUMMARY OF BIOCHEMICAL.CHARACTERISTICS, EXPERIMENT 1 
6COD 6COD 6COD Cells 6Cells Oxygen Uetake 
Mix. Liq. Cells High Low Avg 
mg/1 mg/1 mgfl mg/1 Jll9/l mg/1 mg/1. mg/1 
- - - - - - - -
0 32 32 
- -
8.13 5.16 6.18 
-
64 88 40 
-
23.44 22.36 22.93 
56 176 120 96.7 56.7 57.72 53.32 56.20 
128 217 · 189 170 130 112.66 104.58 109.09 
152 400 248 223 183 165. 51 154.08 159.79 
- - - - -
257.66 252.68 255.94 
304 456 152 153 113 319.23 315.02 317.00 
240 464 124 117 77 340.22 335.18 337.67 
320 448 128 103 63 381.81 369.11 373.37 
432 444 12 30 10 408.81 400.05 404.44 
392 436 44 93 53 418.12 398.64 411.34 
407 448 41 45 5 422.09 400.05 414.34 
· Anmon1a 
Nitrogen 
mg/l 
62.91 
61.10 
55.45 
50.53 
57.00 
56.00 
55.00 
61.95 
62.45 
65.43 
64.74 
64.07 
63.40 
Nitrate 
Nitrogen 
mg/1 
"' w 
TABLE II 
SUBSTRATE RECOVERY EMPLOYING VARIOUS METHODS OF COMPUTATION, EXPERIMENT 1 
Cal cui ated Substrate Recoveri {Percent} · 
I. Materials Balance II. Materials Balance III. Energy Balance IV. Energy Balance 
Time Weight Carbon Emeirical Cell COD (hrs) High Low Avg High Low Avg High Low Avg H1gfi Low Avg 
3.25 
6.75 
9.50 67.06 64.56 66.20 76.43 73.94 75.58 78.34 75.84 77.48 rno.97 98.47 100.11 
12.00 115.64 111. 92 114.00 133.08 129.37 131.44 136.62 132.90 134.98 139. 01 135.29 137.36 
14.00 92.78 89.92 88.61 l 03.36 100. 51 101. 91 109.70 106.85 l 04.63 l 03.37 100.52 l 01 .94 
22.50 Center well on Warburg fl~sk overflowed (see text) 
50.50 96.36 95.44 95.87 103.50 102.58 103.01 105.04 104.12 104.55 103.33 · 102.41 102.85 
75.75 90.97 89.89 90.42 95.71 94.62 95.16 96.78 95.70 96.23 100.04 98.96 99.49 
141.25 l 00.20 97.42 98.30 104.19 l 01.41 102.27 l 05.15 102.36 103.22 113. 79 110. 96 111. 91 
239.25 94.47 92.49 93.48 94.97 93.00 93.99 95.25 93.28 94.27 94.77 92.80 93.79 
329.00 108.90 l 04.43 107.27 112. 32 l 07 .86 110.67 113.18 108.71 111. 53 l 05. 99 l 01. 52 104.43 
35?.00 . 94.14 89.28 93.67 94.-31 _ 89.46 93.84 94.52 89.67 94.06 l 03.36 98.44 l 01 .63 
V. Energy Balance 
t.COD Mix. Lig. 
High Iow Avg 
103.07 95.21 100.35 
88.01 81.70 85.22 
108.88 101.36 l 05. 12 
105.00 103.62 104.27 
141.75 139.65 140.69 
119. 31 115.34 116.67 
94.63 92.60 93.62 
l 06.66 101.69 l 04. 93 
103.70 98.29 101.80 
N 
..i:,. 
Figure 4. Changes in BiochemicaJ Parameters During the 
Course of BOD Exertion in Experiment 2. 
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Figure 5. Accumulated Oxygen Uptake During Experiment 2. 
Each curve was obtained from individually-
treated Warburg Flasks. 
Triangles represent 02 uptake calcul~ted as the 
amount of mixed liquor COD removed using the 
values shown in Figure 4. 
Note the expanded scale for the first 20 hours. 
The dotted portion of the curves shows. 02 
uptak~ plotted entirely on th~ smaller .scale. 
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( Vllw ) 3MYJ.d0 N39AXO 
COD COD COD 
Time Mix. Liq. Filtrate Cells 
{hrs) mg/1 mg/1 mg/1 
0 472 448 24 
6.0 368 112 256 
9.0 312 91 221 
14.5 320 44 276 
24;0 272 48 224 
29.0 280 44 236 
60.5 248 44 204 
130.0 216 . 52 164 
228.0 176 64 112 
299.0 192 56 136 
370.0 152 40 112 
443.0 160 64 96 
488.5 152 36 -116 
514.0 130 40 90 
TABLE III 
SUMMARY OF BIOCHEMICAL CHARACTERISTICS, EXPERIMENT 2 
.t.COD .t.COD .t.COD Cells .t.Cells Ox.xgen Uetake · · 
Mix. Liq. .Cells High Low Avg 
mg/1 mg/1 mg/1 mg/1 Jll9/l mg/1 mg/1 mg/1 
- - -
34 
-
~ 
- -
104 336 232 147 113 94.35 83.76 89.11 
160 357 197 250 216 170.20 154. 16 158.92 
152 404 252 250 216 198.51 178. 96 185.27 
200 400 200 93 59 223.18 200.86 208.23 
192 404 212 237 203 232.26 209.54 216.86 
224 404 180 110 76 260.54 235.26 245.27 
256 396 140 133 99 319.71 284.95 296.27 
296 384 88 163 129 352.75 309.02 325.94 
280 392 112 63 29 376.70 313.90 342.83 
320 408 88 70 36 389.57 335.00 357.81 
312 384 72 90 56 395.64 339.16 367.35 
320 412 92 63 29 399.57 341.59 375.70 
342 408 66 73 39 · 403.15 342.98 382.77 
· Anlnonia 
Nitrogen 
mg/1 
56.84 
37.37 
36.05 
29.74 
32.89 
38.42 
42.37 
48.42 
51.05 
50.00 
50.00 · 
54.74 
54.21 
53.68 
Nitrate 
Nitrogen 
mg/1 
N 
I.O 
TABLE IV 
SUBSTRATE RECOVERY EMPLOYING VARIOUS METHODS OF COMPUTATION, EXPERIMENT 2 
Calculated Substrate Recoveri {Percent} 
I. Materials Balance II. Materials Balance III. Energy Balance IV. Energy Balance 
Time Weight Carbon Emeirical Cell COD 
(hrs) High Low Avg High Low Avg Higfi Low Avg High Low Avg 
6.0 63.85 60.70 62.29 73.65 70.50 72.09 75.63 72.48 74.07 97 .12 93.97 95.56 
9.0 112.04 107. 54 108.88 129.66 125.17 126.50 133.22 128.73 130.06 102.85 98.36 99.69 
14.5 106. 01 101.17 102.73 121.57 116.74 118. 30 124.73 119.89 121.45 111. 51 106.67 108.23 
24.0 71.48 65.90 67.74 75.70 70.13 71.97 76.65 71.07 72.91 105.79 100.21 102.05 
29.0 110.94 105.32 l 07 .13 125.54 119. 93 121.75 128.54 122. 91 124.72 l 09. 96 104.34 106.15 
60.5 84.50 78.24 80.72 89.89 83.65 86.12 91.09 84.83 87.31 109.04 l 02. 78 105.26 
130.0 107 .33 98.55 101.41 114 .51 105.74 108.60 116.08 107.30 110.16 116.08 107. 31 110.16 
228.0 127.60 116. 21 120. 61 137.27 125.90 130.30 132.33 127. 97 132.38 114.77 103.39 107.79 
299.0 103. 96 87.94 95.32 105.97 89.97 97.34 106.55 90.53 97 .91 124.~6 108.64 116.02 
370.0 l 04.86 91.49 97.08 107.29 93.93 99.52 107.95 94.58 l 00.17 117 .05 103.67 109.26 
443.0 118. 54 103.83 111.17 122.64 107.95 115.28 · 123.65 108.94 116.28 121. 78 107 .07 114.41 
488.5 104.47 90.39 98.67 106.-36 92.31 100.58 106.93 92.86 101.14 119. 31 l 05. 24 113. 51 
514.0 l 08. 98 94.23 103.98 111 .61 96.88 106.62 112. 32 97.57 107 .33 114.98 100.24 109.99 
V. Energy Balance 
£\COD Mix. Lig. 
Higfi Low Avg 
90.72 80.53 85.68 
106.37 96.35 99.32 
130. 59 117.73 121.88 
111.59 100.43 104.11 
120.96 l 09.13 112.94 
116. 31 105.02 109.49 
124.88 111.30 115. 73 
119.17 104.39 11 o. 11 
134.53 112.10 122.43 
121. 74 104.68 111 .81 
126.80 108.70 117. 74 
124.86 106.74 117 .40 
117.88 l 00.28 111 .92 
w 
0 
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time. In experiment one, four manometers were read throughout the 
study. For experiment two, nine manometers were read initially, but as 
flasks were. removed for other analyses, the number gradually .decreased 
until four remained at the termination of the exp.eriment. The indi-
vidual o2 uptake curves from which the average curve in Figures 2 and 
4 were constr~cted are given in Figures 3 and 5, respectively. In 
Figures 2 through 5, two time .scales are employed. The first twenty 
hours in general encompassed the purification _or substrate removal phase 
and it was desirable to plot data obtained during this period on an 
expanded seal e .. The experiments were of such long duration .that _this 
scale could not be employed throughout the experimental period. The 
break in the scale causes an apparent plateau in o2 uptake, which .is 
really an artifact. The shape of the o2 uptake curves during the first 
twenty hours as related by the total or overall course of o2 uptake is 
seen by noting the zero time marker on the contracted scale and obser-
ving the dotted line ~urve which connects with the solid curves (see 
Figures 3 and 5). 
In experiment two (see Figures 4 and 5), the substrate removal and 
11 endogenous 11 phases are in general demarcated by a plateau or discon-
tinuity in o2 uptake, whereas in experiment one there is no distinct. 
plateau near the end of the subst_rate removal phase. The existence of 
the plateau or discontinuity in o2 uptake, as well as the fact that it 
is not always manifested, is in accord with findings of Gaudy, Bhatla, . 
and Abu-Niaaj (3). In Figure 5, and to some degree in Figure 3, there 
is evidence for plateaus other th~n that which sometimes.~eparates 
exogenous and 11 endogenous 11 metabolism. These other discontinuities in 
o2 uptake are·not as pronounced as the first, but there can be little 
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doubt as to their presence. 
In experiments one and two, the conditions·in each Warburg flask 
were as identical as was experimentally possible, thus allowing th~ 
system to·be treated as one.batch study. As can be seen from the oxygen 
uptake curves of Figures 3 and 5, there is a variation in the oxyge.n 
uptake of the different Warburg flasks~ During the purification phase, 
this variation .is hardly noticeable, but the longer each experiment. 
proceeds, the mar~ variation there appears ·to be. In experiment on~, 
the maximum variation is 22 mg/1, a~d in experiment two, the maxjpium. 
variatfon is 60 mg/1.. These vari-ations represent a range of ! .2.7 
percent; and! 8.1 percent from·the median of experiments one an9 two, 
respectively. These ranges ·in oxygen .uptake are taken into consider"".' 
ation in ~he determination of the calculated substrate recovery. 
Tables I and III are.a summary of-the analytical pa,rameters.for· 
experiments one and two, respectively. The values presented in each 
table are those used in the determination of the calculated substrate 
recovery for each system. Also included in these tables are the 
results of the ammonia-nitrogen and nitrate-nitrogen determinations. 
It is readily apparent that the concentrations.of ammonia-nitrogen stay 
relatively constant throughout each experiment, with a slight initial 
decrease (due to uptake during .biological sol.ids accumulation). followed 
by a return to the initial concentration. There was no nitrate-
nitrogen in either system at any of the sampling times; thus, the o2 
uptake represented exertion of ·carbo.naceous .BOD .. 
Table 11 represents the calculated substrate recovery for ·experi-
ment. one. The substrate recovery values were not available for 3.25 
hrs or 6.75 hrs due to an _error in the solids .determination for the 
33 
first two samples. Also, the analyses at time 22.5 hours were deemed to 
be erroneous, since some KOH from the center well had apparently spilled 
over into the reaction liquor, thus inhibiting metabolism. Table IV 
represents the calculated substrate recovery for experiment two., 
Tables II and IV both show that the calculated substrate recovery 
was fairly close to 100 percent. However, it should be noted that the 
early values in each table are somewhat low (9.5-hour sampling in exper-
iment one, Table II, and six-hour sampling in experiment two, Table IV). 
This is in agreement with previous findings by Gaudy and Englebrecht 
(18) in their work with acclimate~ heterogeneous populations grown on a 
glucose medium. Except for these early balances and those of methods I, 
II, and II I, at twenty-four hours in experiment two (Table IV), there are 
no gross discrepancies apparent in the calcul.ated substrate recovery as 
each experiment progresses to completion. The balance at twenty-four. 
hours in experiment two was low for methods I, II, and HI, because of 
the abnormally low biological solids recorded at this sampling time. 
For each method considered, three separate values for substrate recovery 
were calculated, corresponding to the high, low, and average oxygen 
uptake values presented in Tables I and III. A closer look at the 
average calculated substrate recovery of both experiments reveals a· 
general trend in the order of the balances. While there is no general 
order noted for the individual calculations for any specific samplirig 
period, overall average percent recoveries for the two experiments i ndi-
cate a decreasing magnitude, jn order, from method V to I. In order, 
according to decreasing percentage, they are: method V, 108.78; method 
IV, 106.89; method III, 104.88; method II, 103.28; method I, 95.81. 
How close, the calculat~d substrate recovery remains to the 100 percent 
va 1 ue varies between the different methods. for each sampling period. 
However, a determination of the percentage of instances the substrate 
recovery calcul.ated by each method was nearest the 100 percent value 
reveals a considerable variation between the calculat~d recoveries. 
Their arrangement according to percentage is: method IV, 
35.3 percent; method I, 20.7 percent; method V, 20.5 percent; method 
II, 14.7 percent; method III, 8~8 percent. 
Methods I through IV have been discussed previously herein. 
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Method Vis an energy balance dependent on the measurement of mixed 
liquor COD. It represents a direct comparison of o2 uptake with mixed 
liquor COD removed at any sampling point along the BOD exertion curve. 
Substrate recovery is-calculated as the ratio of accumulated o2 uptake 
and~ COD of the mixed li~uor: 
o2 uptake 
Substrate Recovery=~ COD mixed liquor 
In Figures 3 and 5, the plotted points marked with triangles rep-
resent the oxygen uptake as determined. by subtracting the mixed 1 i quor 
COD from the initial mixed liquor COD, i.e.,~ COD. These two methods 
of measuring oxygen uptake do not yield drastically different results -
and, as can be seen in Tables II and IV, this method of determining_ 
substrate recovery is comparable to the other methods utilized herein. 
C. Total Oxidation 
As can be seen in Figures 2 and 4, the substrate in each system had. 
not been totally oxidized at the termination of the experiments. For 
experiment one, the range of oxidation achieved was from 74.65 percent 
to 78.75 percent, with an average of 77.30 percent, as calculated using 
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the various oxygen uptake curves presented in Figure 3. Experiment two 
had a range of oxidation from 76.56 percent to 90.00 percent, with an 
average of 85.54 percent. The limits .of this range are represented by 
the high and low oxygen uptake curves of Figure 5. It should be noted 
that experiment two, with the larg,er percentage of oxidation, was of a 
longer duration than experiment one. · Experiment two was allowed to con-
tinue for twenty-one days (comparable to a 21-day BOD), while experiment 
one was terminated at fifteen days. Experiment one was terminated at 
this time due to the very slight amount of o2 uptake taking place. 
CHAPTER IV 
DISCUSSION 
The experiments reported herein exh,ibit characteristic oxygen 
uptake curves which have been accepted in the field as describing the 
exertion of biochemical oxygen demand, i.e., in one there was evidence 
for a plateau in o2 uptake near the end of the substrate removal phase, 
and in the other, this plateau was more manifested. However, these 
systems have an additional feature in the form of a second plateau or 
discontinuity and a third stage of oxygen uptake which occurred well 
into the autodigestive phase. This type of discontinuity .was found in 
previous work by Goldstein (19). In one experiment, he found this 
stage to be quite a bit more prominent than those observed herein, and 
in another, less prominent. The phenomenon did not occur to the same 
degree in each experiment, even though all were run in an identical 
fashion except that the samples of raw sewage used as the initial seed 
were necessarily different in each experiment. The second plateau and 
the following increase in oxygen uptake cannot be explained on the 
basis of a c~ange in the system from carbonaceous oxygen demand to 
nitrification. If th~s were the case, nitrate-nitrogen would be present 
in the, system. Analyses for nitrate-nitrogen have shown that it was not 
present in these systems. 
Since it has previously been determined by Bhatla and Gaudy (5) 
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that the first plateau and second stage oxygen uptake is the result of 
a change in the. system from domination by bacteria to. domination by 
protozoa, a . second plateau and third stage oxygen uptake may be the 
result of still another change in the dominating species of heterotro-
phic organisms. Just as the bacteria became a food source for the 
protozoa, they, in turn, may have become the food· source for the next· 
step in the food chain, e.g., the crustaceans. The system observed by 
Goldstein in which there was no or only slight third stage oxygen uptake 
may be the result of an absence of crustaceans in that particular sew~ 
age inoc_ulum. Samples taken during this period were not examined. under· 
a microscope, so the foregoing can be considered only a hypothesis wi.th 
no experimental verification. 
Previous work by Gaudy, Bhatla, and Gaudy {15) has <:lealt with mate-
rials and energy balances calculated for short-term experiments. The 
work presented herein is concerned with balance calculati_ons for long-
term experiments. With the experimental conditions used for this work, 
which ensures a completely closed system, a calculated substrate recov-
ery of 100 percent should be found throughout the length of the exper-. 
iments. Within acceptable variation, this was found to be the case, 
and the recovery of the carbon and energy source was observed through-
out each experiment, i.e., the substrate removal and 11 endogenous 11 
phases. The balances dete.rmined previously by Goldstein (19) substan-
tiate these findings. An analysis of the average balances obtained by 
the various methods for these two experiments reveals that while there 
is an overall trend in the percent recoveries, going down in order from 
method V to method I, this is not nece~sarily indicative of the rela-
tive accuracy of the various methods. A closer look reveals that 
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method IV yields recoveries closer to 100 percent a greater percentage 
of the time than any of the other methods. 
appear that method IV is to be preferred. 
On this basis, it would 
This is in agreement with 
. . . 
previous.findings by Gaudy, Bhatla, and Gaudy (15). A possible exphn-. 
ation for the somewhat low substrate recovery values calculated in the 
early stages of the experiments is the presence of slightly volatile· 
materials in the system at this stage of growth. If such were the case, 
some soluble organic substrate could be lost from the system during 
vacuum filtration; thus, the recorded filtrate COD may be somewhat low. 
The loss of these materials could account for the low sub.strate recovery 
calculated for this stage of growth. In these experiments, the calcu-
lated substrate recovery determined by methods IV and V do not reflect 
the low values obtained by methods I to III for_these·initial calcula-
tion periods. This could be due to the analyses required by these two 
methods. Method V does not utilize any analysis requiring filtration, 
so it would not be affected by the loss of COD due to slightly volatile 
substances. With method IV, the increase in~ COD of the filtr~te 
resulting from the lost volatiles could be offset by the corresponding 
increase in~ -COD of the cells. 
If volatiles are indeed present in the. system, their loss could be 
prevented by changing the method of determining 11 filtrate 11 COD, Centri-
fugation will provide a satisfactory means for solids separation without 
allowing any volatiles to escape (20). 
Neither of these experiments resulted in total ox~dation, i.e., o2 
uptake equal to the entire amount of substrate initially .recorded. On 
the other hand, not all biological activity ,had ceased in either system 
at the termination of the experiments, .so if allowed to continue, total 
39 
oxidation may, have been achieved. Under identical conditions, Goldstein 
(19) observed 93 percent oxidation in one system, and 97 percent ·oxida-
tion in another. In both cases, biological activity .was still taking 
place at the termination of the experiments •. Thus, whil~ total oxida'"'. 
tion in a totally closed system su.ch as the Warburg flask Jnay require a 
very long time,.its OGcurrence surely appears to be an expectable one. 
Its occurrence undoubtedly depends upon the ecological balanc~ in a . 
system. It_ is interesting to note that the o2 uptake curves for the 
Warburg flasks .did no.t diverge muc~ during the substra_te removaJ -phase 
but did to a larger degree during the second (and third) phasei'of. o2 
uptake. Thes_e latter phases are the ones one wo_ul d expect to be most· 
dependent upon the ecology of the system, i.e., the proper predator-
prey relationship. Even though each flask was seeded from the same 
sample of acclimated population, slight differences in ecology co.ul d 
ensue and be reflected in the ultimate degree and kinetic course of oxi-. 
dation. It is interesting to note that greater divergencies in o2 
uptake curves after the plateau thari duririg·the substrate removal phase 
have al so been recently observed .by Kelly Peil in other st4di es in our 
bioengineering laboratory. 
CHAPTER V 
CONCLUSIONS 
Based upon the results of thi.s study, the following general con-
clusions are drawn: 
1, The fundamental concept of aerobic materials and energy 
balances was determined to be valid throughout the course of these long-
term growth studies. The amount of carbon source removed from the 
system could be accounted for as the sum of eel 1 mate.rial and oxygen 
uptake. In the endogenous or autodigestive phase, the decrease in 
solids concentration was accompanied by a balancing increase in o2 
uptake. 
2, All of the BOD exerted (02 uptake) in these studies resulted 
from the original organic carbon source; there was no evidence that any 
o2 uptake was due to nitrification. 
4n 
CHAPTER VI 
SUGGESTIONS FOR FUTURE WORK 
1. · Further investigation of the causation for the low substrate 
recovery at the beginning of the substrate removal phase could be useful, 
2. Further investigat.ion of the second plateau and third stage in 
the oxygen uptake curve, is needed to determine the cause of this phe-
nomenon. A knowledge of the possible causes should. aid in predicting 
its occurrence. 
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